a Four principal intra-particle phenomena occur in a highly concerted manner during the pyrolysis of lignocellulosic materials: heat transfer, mass transfer, chemical reactions, and phase changes. Achieving a holistic understanding of these processes has been challenged by their intricate coupling, high temperatures, and rapid rates at which they occur. Heat and mass transfer have been well studied at the single-particle level but their coupling with chemical reactions and phase change within single particle models remains problematic. Equally challenging is the multiscale coupling of reactor-and single particle-scale models. Too little attention has been given to phase change. Similarly, the presence of oligomeric compounds (constituting up to 20% of the oil) has not been fully accounted for in chemical reaction schemes and physical models developed for pyrolysis. Recent studies have shown that a multiscale approach is key to predictive modelling across a variety of reactor systems. Historical and recent developments are outlined in this pyrolysis review paper regarding these four intra-particle phenomena, as well as modelling efforts to capture their effect on product yields and composition. It is critical for the design of future biomass pyrolysis systems to appropriately account for all four intra-particle phenomena and their inter-connectivities in order to predict, achieve, and maintain optimal operation.
Introduction
The total worldwide energy consumption in recent years is estimated to be approximately 515 EJ y −1 , 80% of which is cur- for the rapid thermal processing of agro-industrial wastes into bio-oil. The development of this technology is relevant and appropriate with benefits over current biofuel productions methods. In particular, it need not compete with food security, unlike first generation transesterification and fermentation processes commonly used to produce ethanol and biodiesel, and has the potential to be incorporated into existing petroleum refining infrastructure. [7] [8] [9] [10] [11] [12] Pyrolysis processes require heating of biomass at temperatures between 400-600°C in an inert or anoxic atmosphere to produce bio-oil, biochar, and non-condensable gases with high calorific value. Heat transfer, chemical reactions, phase change, and mass transport occur in concert, as illustrated in Fig. 1 . Volatiles are released as both condensable compounds (bio-oil or pyrolysis oil) and non-condensable gases rich in CO, CH 4 , and H 2 . The remaining solid char (biochar or biocarbon) from this process is high in carbon content with a low oxygen/ carbon ratio. Bio-oil is considered to be largely compatible when blended with vacuum gas oil in FCC units of oil refineries 12 while the solid char can be combusted to provide heat to the pyrolysis reactor and other integrated processes. Lowash char is also attractive for metallurgical applications as a reducing agent, as a gas/water filtration medium, soil additive, etc. [13] [14] [15] Without government regulation on carbon emissions, bringing char to market is currently more profitable than biooil, 16 as argued early on by Antal et al. 17, 18 Non-condensable pyrolysis gas are typically combusted and recirculated into the reactor to provide heat and act as fluidization medium, or can be used in downstream processes such as catalytic methane reforming or Fisher Tropsch. 19, 20 Manuel Garcia-Perez Dr Manuel Garcia-Perez is a professor for the Biological Systems Engineering department at Washington State University. He has been working for the last 20 years on projects related to thermochemical conversion of lignocellulosic materials for producing bio-fuels and chemicals. Dr Garcia-Perez has studied thermochemical reactions of cellulose, hemicelluloses and lignin as well as the characterization and uses of crude bio-oils and chars. He is currently working on the development of more selective pyrolysis reactors and on new concepts to refine pyrolysis oils. Dr Garcia-Perez is also very active on the development and characterization of engineering carbonaceous materials.
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Dr Farid Chejne-Janna is an associate professor in the Department of Processes and Engineering at the Universidad Nacional de Colombia-Medellín. He is also a member of the Colombian Academy of Science. His research focuses are modeling and process simulations, analysis of energy systems, advanced thermodynamics, and energy resource evaluations. Fig. 1 Depiction of the four primary phenomena that occur during biomass pyrolysis: heat and mass transfer occur as anisotropic processes due to the aspherical geometry and directional internal porosity of biomass particles (left); these are coupled to thermally-drivel chemical reactions which promote transition into molten and vapor phases (right).
Depending on operating conditions, the pyrolysis process has historically been classified typically as slow pyrolysis, intermediate pyrolysis and fast pyrolysis. Slow pyrolysis, with particles larger than 1 cm, is used primarily for char production whereby 30-35% w/w of the carbon is converted to char with the remainder being bio-oil and non-condensable gases. 21 The char can resemble a high-rank coal as it converts, as shown in Fig. 2 in a van Krevelen diagram. 22 Fast pyrolysis, with high heating rates and small particle sizes typically 1-5 mm, is employed when the primary desired product is bio-oil which is produced at yields ranging from 50-80% yield in conjunction with minor yields of biochar (10-20% w/w) and non-condensable gas (10-20% w/w). 11, 23 In each case, yields are strongly influenced by the type of biomass, operating temperature, gas residence time in the reactor, heating rate, particle size and mineral content. High heating rates and small particle sizes are key for achieving high selectivity towards the production of bio-oil. A variety of pyrolysis technologies have been developed for producing bio-oils via fast pyrolysis, some of which have been put into commercial operation by entities including Ensyn, BTG, Dynamotive, GTI, KIT, VTT, and PyroTec. 24, 25 Despite substantial research in the field of biomass pyrolysis, very few companies have succeeded in commercializing the technologies that produce bio-oil as the primary product, although many examples exist of companies who employ "slow" pyrolysis to produce char briquettes such as Kingsford and Weber. It has been argued that one reason for failure to scale up is a lack of understanding of the fundamental phenomena of biomass pyrolysis. 26 The purpose of this review is to describe the four principal intra-particle phenomena of biomass pyrolysis: chemical reactions, heat transfer, mass transfer, and phase change. The authors believe that too little attention has been given to phase change, particularly with regards to the liquid intermediate stage between native biopolymer and vaporized organic compounds. This work will have a special emphasis on recent developments in understanding this phenomenon.
Chemical reactions
Chemical composition of lignocellulosic materials
Biomass can be defined as an organic material composed primarily of a heterogeneous mixture of polymers and a small fraction of inert materials which comes from previously living plants. The organic fraction consists of polymers containing three major macromolecules: cellulose, hemicellulose, and lignin as shown in Fig. 3 . In addition to these primary polymers, some biomasses contain a small quantity of lipids, pectin, and extractives, which do not exceed 10% w/w. 11, 27 Cellulose makes up about 40 to 60% of the total biomass weight, hemicellulose 15-25%, and lignin 15-25%. [28] [29] [30] Cellulose is a linear, mostly crystalline, polymer composed of glucose structural units linked by β-D type glycosidic bonds. These monomeric units link together to form chains of 10 000 or more structural units. Cellulose polymers form fibers inside biomass, and are responsible for the fibrous nature of cell walls. Hemicelluloses are polysaccharides with an amorphous, branched polymeric structure and a substantially lower degree of polymerization than cellulose, approximately 100, primarily of the following types: xylans, homoxylans, glucoronoxylans, arabinoxylans, glucuronoarabinoxylans, mannans, and others. 31 It is primarily composed of sugars with 5 and 6
carbons per unit like xylose, mannose, arabinose, galactose and glucose. Angiosperm species have mostly xylan and gymnosperm species have mostly glucomannan based hemicellulose. 32 Lignin is a complex, branched, non-crystalline macromolecule, composed of three primary aromatic monomeric constituents: sinapyl, coniferyl, and coumaryl alcohols linked by β-ether linkages and other variety of C-C and C-O-C bonds exist between monomer units of lignin as β-O-4, α-O-4, β-5, 5-5, 4-O-5, β-1, and β-β bonds. 29, 33 Both lignin and hemicellulose are responsible for binding cellulose fibers together, maintaining the structure of the cell walls. 33, 34 Less-discussed are the "extractives" and mineral matter in biomass. Extractives include chemical families such as turpentine, rosin, tall oil fatty acids, tanning materials, camphor, volatile oils, gums, and rubber. 35 Huge industries have historically been built around these high-value chemicals. Extractives
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Dr Peter Ciesielski is a Senior Scientist at the National Renewable Energy Laboratory. He has an interdisciplinary background and training in Chemical and Biological Engineering and Materials Science. Dr Ciesielski's research encompasses many aspects of bioenergy and biomaterials science and aims to improve ways by which renewable feedstocks can be used for the sustainable production of fuels, chemicals, and materials. are more abundant in oily biomass species like olive pomace and nut shells than common wood species like pine and poplar, which typically less than 2 wt%. Metal matter content depends on the type of biomass, but comprises 2-25% of the total solid weight and commonly consist of minerals such as Si, Na, K, Ca, Mg, Mn, Co, Zn, and Cu. These minerals are present as like oxides and salts such as chlorides, carbonates, phosphates and sulphates. [36] [37] [38] Mineral matter plays an important role in thermal decomposition of biomass, acting as catalyst for critical reactions, such as dehydration and catalytic cracking of the volatiles, though Si is not considered a catalytic species. The complex, hierarchical structure of biomass visualized in Fig. 3 originates from tissue structure of the once-living plant. This structure is highly specific to the plant species of origin and can vary dramatically. At the nanoscale, the lignocellulosic material comprising plant cell walls is an impressive, highly-ordered assembly of biopolymeric components. Bundles of several 18-24 chains of cellulose form elementary cellulose fibrils which are often further aggregated into macrofibrils. These are decorated and crosslinked by hemicelluloses. Lignin acts as matrixing material which provides additional structural support, defence from fungal and microbial attack, moisture control. This nanocomposite material forms the cell walls of plant tissue. Assemblies of cells make up the microstructure of plants in highly directional pores that transport water and nutrients throughout the organism during its lifetime. The anisotropic transport of heat and mass throughout biomass during pyrolysis results from this microstructure which is retained within biomass particles after comminution processes.
Biopolymer breakdown at pyrolysis temperatures: studies on isolated constituents
The compounds present in pyrolysis oil are derived from the biopolymers present in the biomass. Thus, the composition of bio-oil is highly dependent on the proportions and characteristics of cellulose, lignin, hemicellulose, and extractives as well as interactions between these moieties inside biomass solid matrix. [40] [41] [42] [43] This variety of biopolymers causes thermal decomposition to progress in several stages. Initially, hemicellulose breaks down at temperatures between 200-300°C. This is followed by the degradation of cellulose, which decomposes between 300 and 450°C. Lignin decomposition occurs across the full temperature range of 250-500°C, but is the last polymer to fully degrade. Lignin is the major contributor to char production at the end of pyrolysis. [43] [44] [45] [46] Cellulose has been by far the most studied component of biomass. The position and orientation of glucan linkages do not have a significant effect on levoglucosan yields, which is the chief monomeric compound obtained from the devolatilization of cellulose. 47 Other fundamental work demonstrated that cellulose that has a high degrees of polymerization (DP) produced more levoglucosan and less char than cellulose with lower DP. 48 The regions under maximum stress, and therefore the most likely to fracture during pyrolysis, are precisely those that are located at the interface of the amorphous and crystalline structures. 49 It has also been illustrated that the maximum temperature required to achieve cellulose decomposition is higher for crystalline cellulose structures than for amorphous cellulose due to the extra energy required to disrupt the crystal lattice structure. 50, 51 As cellulose degrades, the chains continue to break down in a continuous fashion, passing through oligomeric compounds (two or more glucan units) all the way to monomeric levoglucosan. 52 Cellulose pyrolysis has been recently reviewed in detail for further reading. 53 Due to the complex structure of lignin within biomass, the final structure of isolated lignins shows significant differences in molecular weight and aromatic structures distribution based on the separation methods employed and biomass used. 54, 55 Product yields have been found to vary substantially depending on the type of lignin used for pyrolysis. 56, 57 Saka et al. 57 reported that lignins from softwoods tend to pyrolyze at lower temperatures and produce more volatiles and less char than lignins derived from hardwoods. This observation is attributed to the molecular structure of hardwood lignins, which are more complex, and have a high molecular weight than softwood lignins, providing greater resistance to thermal decomposition. Unfortunately, there are very few studies regarding the effect of the type and nature of lignins on the product distribution during pyrolysis. Further review on lignin pyrolysis studies can be found elsewhere. 58 Pyrolysis of isolated hemicelluloses has been studied even less than lignin. This is largely because of the difficulty associated with extracting well-preserved hemicelluloses. Nevertheless, some studies have been performed on isolated polysaccharides similar to hemicelluloses, with primary products being acetic acid, furfural, formic acid, furfural, 5-hydroxymethyl furfural, and neutral sugars, as reviewed in detail by Zhou et al. 31 Furthermore, studies using xylan, one of many types of hemicellulose, are often unreliable because commercial xylan is up to 10 wt% potassium (a catalyst for gas production). 59 At temperatures between 150 and 240°C, the methoxy and acetyl bonds of hemicellulose dehydrate. 60 Between 240 and 350°C, the glycosidic bonds break, similar to cellulose. [60] [61] [62] Char formation reactions in xylan dominate above 300°C. 61, 62 Further reading on studies to understand the chemistry of biomass pyrolysis can be found by Wang et al. 63 and Collard et al.
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Catalytic effect of metal content native to biomass
Biomass contains traces of mineral material (K, Na, Ca, Zn, Cu, P, Mg, Mn), usually in the form of oxides or salts such as chlorides, sulphates, carbonates and phosphates. 36, 38, [64] [65] [66] The proportions of these minerals depends on the type of biomass, as well as collection, drying, and grinding conditions. The content of inorganic material affects product yields and is an important parameter for the study of side reactions; generally, as the mineral material content increases, bio-oil yields decrease and gas and char production increase. 11, 25, 30, 37, 44, [67] [68] [69] Changes in product composition are largely due to the catalytic effect of the mineral matter on several reaction pathways including the dehydration and decarboxylation reactions. 70 Alkalis strongly interact with functional groups such as -COOH and -OH, forming alkali-oxygen clusters that promote cracking reactions. 66 The common metals with the greatest impact on volatile yields were, in descending impact:
. Low concentrations, e.g. 0.5% w/w, increase char yields by up to 10% and increase the yield of low molecular weight species such as acetol, glycol aldehyde, and formic acid while the anhydrosugar (e.g. levoglucosan) yield decreases. 65, 70 Although some studies differ on impacts of various metals, consensus is that potassium is the biggest offender. 36, 38, 64, [71] [72] [73] Additional effects on reaction pathways have also been observed; for example, sodium restricts cellulose and hemicellulose transglycosylation reactions but facilitates demethoxylation, demethylation, and dehydration of lignin. 74 The presence of silicon has also been found to decrease the production of volatiles. 72 In contrast to the effects of alkali and alkaline metals, adding anions (chloride, nitrates, sulfates) has been found to increase levoglucosan production and decrease char yields. 73 In recent years, numerous works have been published that examine the effect of mineral matter on final product distribution. 36, 38, 65, [75] [76] [77] Despite these efforts, very few theoretical models for the quantitative prediction of the effects of inorganic material on the product distribution of fast pyrolysis processes are available. 78, 79 The presence of mineral matter has also been found to affect morphological changes during biomass pyrolysis. Iwasaki et al. 80 showed that a possible cause of particles agglomeration inside fluidized bed reactors is the formation of an intermediate liquid phase during devolatilization, that covers all particles inside the fluidized bed and promotes agglomeration. The formation of this liquid phase is favored for biomasses that have been pretreated with acids. Visualization of inert material particles from fluidized beds revealed a coating which acts to promote particle agglomeration. The formation of this film is most evident for biomasses that were previously pre-treated with organic acids. 81 Oudenhoven et al. 81 have shown that part of the solid residue left by biomasses treated with acid has lost its original structure, forming new structures similar to a melted polymer. Cavities were observed that presumably formed when bubbles rupture inside the liquid phase. Recent work has showed the corollary result that materials that still have mineral content tend to maintain their original tissue structure after pyrolysis. 82 
Effect of reaction temperature on chemical reactions
The devolatilization process is sequential and depends on the temperature reached by the particle. The first stage occurs between 20-120°C and corresponds to water evaporation from the biomass. The second stage between 120-300°C shows no appreciable biomass weight loss, though small quantities of some gases, such as CO, CO 2 , and steam are released from dehydration reactions and decarboxylation of R-CO-R groups belonging to hemicellulose and lignin. 29 Fig. 4 provides one example of a large particle in which temperature was measured in situ. Though spherical particles are not representative of industrially-relevant biomass feedstocks, 93 the thermal pathway is still characteristic of wood.
Here it can be seen that endothermic phenomena occur around 400-500°C and exothermic phenomena dominate between 600 and 800°C. The first event around 630 K (357°C) is associated with the pyrolysis of cellulose and the evaporation of the products of this reaction. The exothermic phenomena which occur at higher temperatures are due to the release of heat by polycondensation reactions. 94, 95 "Thermal runaway" is notable in larger particles, where conductive heat transfer is slow compared to exothermic secondary reactions of slowly diffusing products. 96 The effect of temperature on bio-oil production is well understood and has been explored in the literature. It has been shown that there is a parabolic behavior for bio-oil production with temperature wherein the maximum bio-oil yield is obtained with reactor temperatures between 400 and 550°C, depending on the type and size of biomass and heat transfer mechanism. 10, 36, 80, [97] [98] [99] [100] The maximum yields of ligninderived oligomers has been reported between 450 and 500°C; 101 this reflects the balance between primary reactions, which release oligomeric products from biomass, and secondary reactions which degrade these products into monomers and eventually small organics and gas above 500°C.
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As temperature increases, there is less char. However, at higher temperatures above 500°C, volatile cracking reactions reduce the yield of bio-oil and increase the production of noncondensable gases. [103] [104] [105] [106] Due to this phenomenon, many studies
show that maximum production of bio-oil in systems with good heat transfer and small particles is achieved 450°C, with yields of up to 80% for cellulose but more commonly 60% for wood. [107] [108] [109] [110] The composition of the resultant oil also changes with temperature. 112 At low temperatures (<300°C), most volatiles orig-reactions in cellulose depolymerization and dehydration, as shown in Fig. 5 . At low temperatures and low heating rates, strong intra-chain hydrogen bonds of cellulose functional groups, increasing the probability of dehydration reactions. At high heating rates, intra-chain hydrogen bonds weaken and decrease the possibility of collisions that facilitate dehydration reactions.
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Lignin oligomers are lignin derived compounds with two or more aromatic rings, with molecular weight greater than 180 g mol . Garcia-Perez et al. 101 found that that the lignin oligomer yields increase with temperature until 500°C. At temperatures higher than 500°C, decomposition reactions for aerosols, which contain these oligomers, become more intense, generating secondary lower molecular weight volatiles. Westerhof et al.
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reported an increase in lignin oligomer yields between 380-480°C for pine pyrolysis, attributing this behavior to increased biomass conversion. Above 480°C, oligomer yields decreased presumably due to secondary vapor cracking reactions. 117 It is also thought that the particle size reduces the yield of large compounds like lignin oligomers due to mass transfer issues. In one recent publication, the yield of pyrolytic lignin increased as particle size decreased; the authors hypothesized that this is due to collision of aerosol droplets with the cell walls after they are ejected, 118 as will be discussed in the next subsection. Despite the wide assortment of studies conducted to evaluate the effect of temperature on the yield of char, bio-oil and non-condensable gases, there is ambiguity in the definition of the optimum temperature of pyrolysis. It is not typically possible to directly measure the temperature of very small biomass particles, and so it is often assumed to be equal to the reactor temperature 84, 85 or in some cases is estimated by mathematical modelling, 86, 119 with some exceptions when using large particles, as illustrated in Fig. 4 . 111 For slow pyrolysis conditions utilizing small particle sizes (less than 1 mm), the assumption that the biomass particle temperature is equal to the reactor temperature is valid due to longer heating times, which allows thermal equilibrium between the biomass particles and surroundings to be achieved. 89, 104 However, these assumptions are often far from reality for fast pyrolysis conditions, resulting in mismatches ("thermal lag") of temperatures of 100°C or more. This thermal lag causes errors in estimating the actual particle temperature, which can result in over-estimates of kinetic parameters such as the activation energy and the coefficient of the reaction rate. 104, 105 There are many reports in the literature that point out the importance of heating rate effects on bio-oil and char yields. Onay et al. 120 studied the fast pyrolysis of safflower seeds at heating rates of 100, 300 and 800°C min . Results showed that above 300°C min −1 , maximum yields of bio-oil (55%) and char (17%) were achieved. Thangalazhy-Gopakumar et al. 121 pyrolyzed pine and grass fodder at reactor heating rates of 50, 100, 500, 1000, 2000°C s −1 and did not find an impact of heating rate due to slow heat transfer into the biomass. This highlights the importance of accurately measuring temperature in basic studies. 122 As with temperature, the heating rate plays an important role on the quality of bio-oil and char structure obtained. Bio-oils can be obtained with lower moisture content at higher heating rates, primarily due to the inhibition of secondary volatile dehydration and cracking reactions. 123 Higher heating rates also reduce the formation of the water-soluble fractions (formic acid, methanol, acetic acid) and aromatic fractions (rich in phenol and its derivatives). In contrast, CO and CO 2 yield increase with higher heating rates. 69 Ketones, levoglucosan, phenol and toluene yields also increase with heating rate for the fast pyrolysis of pine wood and grasses when heating rates exceed 50°C s
Chemical reaction schemes to describe the effect of temperature and composition
Due to the complex physicochemical nature of biomass pyrolysis, there are a wide array of reaction mechanisms and products associated with thermal decomposition. The search for these reaction mechanisms is a developing science; new results are frequently published, with sophisticated experimental equipment, new analytical techniques, and computational tools to elucidate the evolution of species and thereby kinetics of devolatilization processes. The reaction mechanisms and rate expressions are the heart of the analysis of pyrolysis processes. 23, 122 Most models are lumped schemes with global products obtained from biomass (total volatiles, total light gases, char) and simultaneous multi-stage and/or competitive reactions. These models can be classified under the following categories: global models in a single step, global models in multiple steps, semi-global models, and models focused on the formation of volatile species.
Global lumped models in a single step. In single step, global lumped models, it is assumed that all the products are directly released from the biomass in a single reaction stage: 124, 125 Biomass ! Char þ Volatiles ð1Þ
The expressions for the reaction rate are represented as a function of temperature and biomass conversion (see eqn (2) and (3)) according to the mathematical expressions:
And where dα/dt represents the rate of decomposition of biomass, t represents the reaction time, α represents the biomass conversion, T represents the temperature of the sample, f (α) represents the expression for the conversion function, m(t ) represents the weight of biomass at a given time t. For non-isothermal systems such as thermogravimetric processes, the mathematical expression of the reaction rate may be expressed as a function of temperature such that the reaction rate can be expressed as:
Grønli, 125 Orfão, 124 Várhegyi, 126, 127 Antal, 128 and others have extensively used this reaction scheme, which can accurately represent the thermogravimetric curves without byzantine data-fitting algorithms. However, because of the simplicity of the physical model used, this type of model does not allow prediction of the individual species generated in devolatilization. The reaction rate is monitored by following the change in the weight of the solid residue with time, which is usually done using a thermobalance; this limits most knowledge to slow-heating conditions which are not comprehensive enough to represent fast pyrolysis processes.
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Multi stage-global lumped models. Many researchers have proposed a variety of more complex reaction schemes with multiple stages that monitor the yield of all the macro-products involved in the overall reaction (condensable volatile tar, light gases, char, and biomass). 76 Schemes 1, 2, 4, 5, 6, 7, 9 and 10 have two competing reactions in the first stage. One of these reactions is associated with dehydration of the cellulose to form anhydro-cellulose and water which can then react again to produce char and non-condensa- ble gases according to the kinetic schemes (1, 2, 4, 5, and 10). The second reaction involves the depolymerization of cellulose to produce anhydrous tar that is rich in levoglucosan. Though useful, with these models it is not possible to explain the changes in oil composition. However science is established that dehydration reactions are favored at low heating rates and temperatures below 300°C, increasing the production of char and light gases, whereas at higher temperatures (300-500°C) and high heating rates depolymerization reactions are promoted that increase the yield of condensable volatiles. 23, 129, 133 Models 3, 4, 5, and 10 have the novel inclusion of an intermediate plastic/liquid phase. 87 The presence of this phase explains the "Lag" in biomass mass loss at temperatures below 320°C when evaluating the experimental results obtained by thermobalance. 134, 135 These schemes have been widely used by many researchers studying biomass slow and fast pyrolysis. 131 Di Blasi 135 presented the results of a comparative study of most models presented in Table 1 (models 1, 3, 4, 6, 8) for cellulose and biomass slow pyrolysis at heating rates of between 20 and 50 K min −1 at a temperature range between 550 and 1000 K. The primary findings of this study were:
• For cellulose, all schemes have the same trend: volatile species and char increase and non-condensable gases decrease with higher heating rate and temperature.
• Models 1 and 3 predict similar volatile yields, while model 4 under predicts volatile yields.
• For biomass, from the qualitative point of view, there are large differences in data trends, especially in the yield of noncondensable gases.
• Models 6 and 8 predict that char yield remained constant as the heating rate increases from 40 to 160 K min
. The authors suggest that at high temperatures, the reaction is thermally controlled, and no kinetic control exists. The primary reactions responsible for the formation of condensable volatile compounds are strongly endothermic, with part of the energy supplied to the reaction used to evaporate the tar condensate (liquid phase within the biomass), cooling the particle as the vapors escape.
All kinetic models obtained for both cellulose and biomass, were developed using data collected under different particle sizes and temperature ranges and different process equipment, including fluidized bed, fixed-bed thermobalance, and pyroprobe reactors. This means that there is subjectivity in each model since, in some, kinetic control could exist and not others, or the experimental conditions are tightly controlled by some teams, minimizing the risk of uncontrolled secondary effects.
In summary, the study of the reaction rate expressions within these models is based on monitoring global yields, such as the total weight of the solid residue char (char + unprocessed biomass + liquid phase), total volatiles (obtained by condensing the total gas), and light, non-condensable gases (gas chromatography). These models do not predict the evolution of species released during devolatilization, and many of them contain high degrees of freedom for the estimate the kinetic parameters (more variables than experimental data), which limits there predictive utility for systems and feedstocks other than those from which they were obtained. This topic has been reviewed elsewhere in the literature. 68, 147 Semi-global lumped models. Semi-global models describe the reaction rate of biomass as a linear combination of reaction rates for each of its components (cellulose, hemicellulose and lignin), see eqn (5) . For each constituent, models have been adopted that are analogous to the reactions outlined in Table 1 .
where r i and x i are the reaction rate and the weight fraction of species i (cellulose, hemicellulose, lignin). This type of mode has generated substantial controversy. While many authors claim that there is no interaction between biomass components and therefore valid to model the overall biomass pyrolysis behavior, 142, [148] [149] [150] others argue that it is virtually impossible to achieve the same structure and pattern of actual biomass interactions with simple mixtures of components. 40, 43, 151, 152 Yang et al. 148 found that synthetic biomass pyrolysis can be explained as the sum of the decomposition of each component separately and that this behavior is similar that of real biomass. Rao et al. 150 proposed a kinetic model of order n to assess the behavior of cellulose, hazel, wood, rice husks and olive husk under slow pyrolysis conditions (20 K min Table 1) is not a suitable representation for loblolly pine pyrolysis. As mentioned in the previous section, there is uncertainty regarding the use of additive laws to represent the behavior of whole biomass from its components because of arguments regarding the arrangement and potential interaction of each component in raw biomass. In most of these models, only global components such as total volatiles, char, and light gases are used to describe the evolution of species or of the condensed intermediate phase. Experiments used to develop such models are usually restricted to the use of a thermobalance to measure the experimental conditions. The next subsection describes kinetic schemes developed with chemical speciation.
Kinetic schemes with chemical speciation. Some models allow for targeted species present in the volatile and non-condensable gases to be determined as a function of the operating parameters (temperature, heating rate). Examples of this type of model are limited in the literature 44 and many that do exist are simply extensions of the models described in Table 1 . Only a few studies have been published on the evolution of species from cellulose and glucose derivatives from the perspective of micro kinetic mechanism. 155 Ranzi et al. 44, 156 proposed a multicomponent kinetic model that takes into account changes in the primary gas in the condensable and non-condensable gas fractions, such as CO, CO 2 , H 2 , CH 4 , H 2 O, HMF, levoglucosan, phenol, ethanol and methanol. The model was validated using results from various biomass pyrolysis tests conducted in a fluidized bed reactor. Despite being very descriptive, it does not accurately predict the behavior of levoglucosan, HMF, ethanol and other species, especially at elevated temperatures. In addition, Ranzi et al. do not report the experimental conditions under which the model was developed, and claim that it is only a first approximation, with more work needed to improve reproducibility. 157 Anca-Couce extended the Ranzi scheme to account for high charring biomass species like those with catalytic ash content and a trapped gas mechanism to represent delayed release of these species. 79, 158 The authors advise using semi-empirical "X factors" in the mechanism to account for the impact of ash, such that high charring materials have higher X values than low charring materials as shown in Some commercial packages have also been developed to explain the evolution of species during biomass devolatilization. However these models remain "black boxes" which do not disclose the underlying theory and formulation of their implementation: Prime Kinetics Model (Reaction Network), Bio-Flashing, 163 Bio-FG-VDC (Functional GroupDepolymerization-Volatilization-Crosslinking). Distribution activation energy model (DAEM). Another kind of kinetic model that has was originally developed for coal is the distribution of activation energies model (DAEM). [164] [165] [166] [167] [168] [169] [170] [171] These schemes are often multi-stage and multicomponent which involve the formation of a species from a very large number of independent parallel reactions that reflect variations in bond cleavage and reactant structures. These models have been used to explain data obtained under slow pyrolysis conditions using a thermobalance, 164, 169, 170, [172] [173] [174] [175] [176] but so far few applications have been reported for fast pyrolysis of biomass. Usually in the study of the effect of heating rate on the overall yield of volatiles, char and non-condensable gases, there are very few models that extend to the study of individual chemical species of both condensable and non-condensable gases. 177 To achieve this level of detail in the analysis of product species, integral kinetic modes, such as the one given in eqn (6) are employed. The main advantage of this model is that it covers a wide range of experimental conditions, including temperatures and heating rates, and can represent slow and fast heating kinetics in one kinetics scheme. The activation energy distribution can be represented by continuous functions as normal, lognormal and Weibull distributions.
Here V* and V represent the maximum amount of volatile or individual species in the gas or vapor phase at a given time t, A is the rate constant, E is the activation energy, σ is the variance and E 0 is the mean of the statistical distribution of activation energies. The kinetic parameters can be obtained by regression methods using numerical methods to solve the exponential integral 170, 174, 178 or with differential methods as proposed by Miura, et al. 179, 180 This type of model is becoming widely recognized as the most accurate available to correlate the experimental data from biomass pyrolysis. These models avoid underestimating the activation energy compared to single stage reaction schemes, but the most striking feature of this scheme is that a mathematical model is derived that is applicable at various heating rates, unlike either single or multi stage that only apply to a single heating rate. 181 The difficulty with this technique is that the right side integral has no analytic solution, so approximations or numerical methods must be used to obtain a solution.
Secondary reactions
Secondary reactions convert primary products into char and gas. These reactions can occur in the gas phase of the reactor, or inside the particle if transport out of the particle is slow. Several types of intraparticle secondary reactions have been described, including reactions of condensable volatiles at the gas/liquid interface, 57 reactions of condensable volatile in the liquid phase [182] [183] [184] ( polymerization, crosslinking, dehydration) and reactions of gases and condensable volatiles with the mineral matter in char. 185, 186 The Ranzi scheme discussed above has secondary reactions in the scheme. The most studied reactions are thermal decomposition, or cracking, reactions that occur in the gas phase and solid-gas phase reactions including gasification, combustion, and oxidation. [187] [188] [189] [190] Cracking reactions are important at high temperatures (T > 500°C) and are more prominent when long residence time in the hot zones exist. 188, 191, 192 Numerous studies related to solid-gas secondary reactions have also been reported. 189, [193] [194] [195] [196] These reactions have been studied at an experimental level, and have been measured by increases in char production and decreases in volatiles caused by an increase in the time of solid-gas contact. Several studies conducted at both the experimental and theoretical level, have reported the reactions responsible for the thermal decomposition of volatiles. Hayashi et al. 188 reports a rigorous theoretical and experimental study of volatile cracking reactions released from biomass fast pyrolysis. The model predicted with good accuracy the behavior of light gases (CO, CO 2 , H 2 , CH 4 , C 2 H 4 ), but provided less accurate predictions for furanic compounds as well as benzene, toluene, acetic acid, aldehyde, methanol. Shin et al. 197 proposed a 3 stage kinetic model for the decomposition of volatiles produced from cellulose, levoglucosan and 5-HMF pyrolysis. They found that in 0.6 seconds at 750°C, 80% of the volatiles generated in during pyrolysis decompose. Further experimental studies at fast pyrolysis conditions were carried out by Morf et al., 192 Graham et al., 198 and Zhang et al. 199 Each evaluated char, total volatiles, condensable species and light gases yields as a function of temperature and gas residence time in two stage reactors. In these studies, it was found that the maximum decomposition rate was achieved at a temperature range of between 600-700°C. The poly-hydroxy-aromatic (PHA) formation is another interesting secondary reaction that results primarily from the volatile aromatic derivatives of lignin. Investigations have shown that these reactions are favored at very high temperatures (>800°C) and long residence times (>10 s), 199, 200 which are typical operational conditions for gasification and combustion processes. Another set of solid-gas and gas phase secondary reactions are related to char gasification with steam or CO 2 . These reactions include char oxidation, the Boudouard reaction, reforming reactions, water gas-shift reactions and methanation, which have been widely explored, in biomass and coal gasification and combustion processes. 72, 201, 202 The liquid-gas and liquid-liquid phase reactions that occur during biomass pyrolysis are largely unexplored with no theoretical models to report. This is primarily due to uncertainty regarding the components present in the liquid phase and the difficulties associated with monitoring these species during pyrolysis. Understanding of the liquid phase reaction is one of the main challenges to be addressed in order to better elucidate of the reactivity of biomass during the pyrolysis process. 122 Despite this lack of knowledge, it is know that reactions in the liquid phase are the primary contributors to the production of secondary char, light oxygenated compounds and permanent gases.
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Paulsen 203 looked at the reactivity of mixtures of levoglucosan/fructose to simulate the environment and interactions inside the intermediate liquid phase formed during cellulose fast pyrolysis. Cyclization and elimination reactions were found to be responsible for the production of light oxygenated compounds and char. Both reactions are more intense in the pyrolysis of powders than for thin films. Furthermore, the author suggested that catalysts, such as palladium, promote decarbonylation reactions in the liquid phase, reducing aldehydic furans and improving the bio-oil quality (less oxygen content in bio-oil). Bai et al. 204 suggested a competitive mechanism between levoglucosan evaporation and polymerization during cellulose pyrolysis in TGA. The intensity of both reactions depends on the quantity of sample, the carrier gas flow rate, and the heating rate. They show that low sample quantities and high carrier gas flow promote evaporation due to lower mass transfer resistance. Similar mechanisms were proposed by Hosoya et al. 205 for levoglucosan pyrolysis in an ampoule reactor. Other important reactions in the liquid phase are related to the decomposition of lignin oligomers to produce monomers, char and permanent gases. However, there are few studies focused on the pyrolysis of lignin oligomers, and none relating experimental results using kinetic parameters. It has been suggested that these compounds are generated by thermal ejection caused by intense bubbling of the liquid intermediates. 117, 206, 207 These aerosols can be trapped inside the solid matrix after ejection and the collision probability will increase with particle size. 106, 207, 208 Heat transfer
Effect of particle size and pore structure on heat transfer
Biomass from any source is a poor conductor of heat, with a thermal conductivity on the order of 0.1 W m −1 K −1 which promotes formation significant temperature gradients within particles when subjected to rapid heating. Temperature gradients are strongly influenced by particle size and shape, and are typically anisotropic due to the direction microstructure of biomass and the aspherical shape typical of milled particles, as illustrated in Fig. 6 . [209] [210] [211] The primary purpose of milling biomass before pyrolysis is to enhance heat transfer. In an industrial or pilot scale process, the cost of this milling may be a significant operating expense, so it is critical to find the "sweet spot" that maximizes yield and minimizes reactor cost. Bridgwater et al. 69 presented specifications for particle sizes to be used with each of the major technologies available. For example: particle sizes less than 6 mm are well suited for fluidized bed reactor and circulating bed designs, and up to 10 cm are suitable for ablative rotary disc processes. The shape and hierarchical pore structure also impact the heat and mass transfer properties of wood. Ciesielski et al. 93 have
shown, for example, that spherical representations of realistic biomass feedstocks fail to accurately capture the thermal gradients in a particle, though some effort has also been made to employ develop low-order mathematical approximations in spherical models to make them more accurate. 213 Pecha et al.
have further illustrated that the pore structure between even pine and poplar wood makes for differences in the external heat transfer coefficients. 214 Thunman and Leckner 212 developed a model for thermal conductivity in wood based on the pore structure for perpendicular and parallel directions relative to the fibers in the wood, as well as density and moisture content. Conductivity parallel to the fiber was found to be approximately twice (e.g. 0.
). Some unique models for approximating the resistance of cell walls have been developed (see Fig. 6 ). 212 Several dimensionless numbers have been developed for examining heat transfer in pyrolysis of biomass particles. The Biot number compares external and internal heat transfer rates:
Pyrolysis number 1 compares internal heat transfer rate and reaction rate,
and pyrolysis number 2 compares external heat transfer with reaction rate,
where R is radius, λ is thermal conductivity, ρ is bulk particle density, k is apparent reaction rate constant, and h is external heat transfer coefficient. In the region in which heat conduction is limiting the conversion rate, mass transfer of vapors leaving the particle will also be a concern (larger than 1 mm for most reactors). Pyle and Zaror authored a seminal paper describing various regimes in which one phenomenon controls the effective rate of pyrolysis, as shown in Table 3 . 215 If the particle is large enough that Biot number is greater than 10 and the Py 1 is less than 1, the heating is limited by internal thermal conduction. Hence, heating rate of the reactor in some respects is less important than particle size. [216] [217] [218] Dauenhauer's group extended this analysis into a pyrolysis transport map as shown in Fig. 7 . 48, 122 In micro-reactors at pyrolysis temperatures, conductive and convective heat transfer account for 90% of the heat flux, while radiation accounts for less than 10% of the total heat transfer. 219 However, in larger wall-heated reactors it is well-known that radiative heat transfer can account for a significant portion of the total heat transfer and can be modeled using the Stefan-Boltzmann law. 220 For more accurate use of the dimensionless numbers described above total surface heat transfer may be accounted for in a lumped heat transfer coefficient comprised of the sum of the convective and radiative heat transfer coefficients. 221 Although heating rate is a critical factor to define the conditions of fast pyrolysis, it cannot typically be measured experimentally; it is instead estimated with theoretical models or by using engineering approaches to minimize the thermal thickness, like using a thin film. 222 Often, these parameters are subjective and depend strongly on the pyrolysis system, measurement equipment, model assumptions, and experimental con- ditions (see Table 4 ). This makes it difficult to compare experimental results obtained for global yields and kinetic parameters published in scientific papers. There is ambiguity in determining the correct heating rate from values reported in publications. In most cases, heating rate is reported as being the programmed rate for heating elements (electrical resistance, radiation lamp, hot plate), rather than a particle heating rate. Particle heating is commonly assumed to follow a linear heating, mathematically represented as: T = βt + T 0 with β, t and T 0 as the heating rate, time and initial temperature of the particle, respectively. 85, 216, 223 This is a classic simplification used for "lumped" heat transfer wherein spatial temperature gradients are neglected. This approximation is typically considered applicable for systems exhibiting a Biot number ≤ 0.1 and can be valid under certain experimental conditions such as those in thermogravimetric analysis or pyrolysis subjected to kinetic control conditions using thin films and small particle sizes. If this condition is met, and there are not convective heat transfer limitations, the reaction rate constants may be considered "intrinsic", meaning transport phenomena are lumped with chemical reaction rates. Fig. 4 illustrated that for large particles (>1 mm), temperature gradients exist and heating rates at each point are different, modifying reactivity patterns at each point within the biomass particle (the reaction rate depends on the heating rate and reaction temperature). This consideration has been ignored in many studies, 50, 67, 86 where normally the same reaction rate expression is used to describe the reactivity of the whole particle. This can cause problems when predicting the final product distribution, because each point inside the particle has a different effective reaction rate due to changes in the heating rates and temperatures and rate data is this not intrinsic kinetic data. Care must be taken to review the experimental protocols used to extract rate data which not collated with heat transfer or mass transfer through a large biomass particle or dust pile (>100 µm thick). 122 For fast pyrolysis studies, there are many techniques and devices, which can ensure conditions of high heating rates, such as: flash radiation lamps, wire mesh reactors, discharge tubes, and free fall reactors. Table 4 summarizes the main characteristics of these devices. For intrinsic kinetic studies, the most commonly used devices are free fall reactors, Pyrolysis-Mass Spectrometry (Py-MS) reactors, and wire mesh reactors, all of which minimize heat transfer limitations and secondary vapor phase reactions. [223] [224] [225] [226] [227] For further reading on how to design a system for extracting intrinsic pyrolysis kinetics, please see Fig. 7 and a recent publication by the Dauenhauer research group. 222 
Mass transfer
Influence of pore structure on intraparticle mass transport
The rapid evolution of pyrolysis vapors can generate significant pressure gradients within particles, particularly in larger particles, because the volatiles cannot be instantly evacuated. This causes some internal structures to crack, increasing the quantity of both macropores and micropores. When the biomass passes through a molten (or metaplastic) phase, the internal structures can warp and block pores at high heating rates.
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Shen et al. 106 found that bio-oil yields obtained from mallee (Australian Eucalyptus) in a fluidized bed reactor decreases as the particle diameter increases from 0.3 to 1.5 mm, and thereafter bio-oil yield is insensitive to particle size increases. Koçkar et al. 228 reported that the maximum bio-oil yield is achieved with a 0.42 mm particle size. Koçkar et al. 228 and
Nurul et al. 229 have reported ideal particle sizes of between 0.85 to 200 mm for fixed-bed pyrolysis of rapeseed, with bio-oil yields of up to 60 wt%. Laboratory scale studies of primary biomass pyrolysis reactions show that rapid removal of products the solid matrix is critical to achieve high oil yields. This removal is facilitated by the use of small particle sizes (<100 μm) and vacuum conditions. 227, 230 Increasing vapor residence time favors cracking reactions that reduce the yield of condensable vapors. 11, 28, 92 Therefore, secondary reactions between char and volatiles are more prominent in larger particles, which increases the yield of char and gases by consuming pyrolysis oil. 84 Zhou et al. 117 showed the effect of particle size on the formation of char and lignin oligomers during beech wood pyrolysis. The authors suggest two distinct pyrolysis regimes to explain the oligomer yields obtained. In the first regime, for particles with diameters between 0.3-3 mm, the lignin oligomer yield decreased when particle size was increased. For particles >3 mm, no changes were observed in oligomer yield when particle size changed. The authors hypothesized that lignin oligomers come from aerosol ejection from the intermediate liquid phase which form char while diffusing through large particles. In contrast, char yield increased with increasing particle size. A reasonable explanation for this behavior is that below 1 mm, all the pore ends are open. This allows for vapors to leave without being trapped.
100,231
Similar results have been reported elsewhere.
11,24,37,68,69,84,131
The anisotropic pore structure 93 of most lignocellulose species (like wood) leads to differences in gas permeabilities in the axial and radial directions of up to 4 orders of magnitude. 232 Permeability scales with pore size to the second power, so this is to be expected. 210 Adding complication to modelling, macroporosity changes dynamically as biomass is converted to char. 233 Diffusion constants used in Fick's laws for porous media transport through macropores can be estimated as D eff = εD/τ, where ε is porosity, D is gas diffusivity for a species, and τ is tortuosity (often estimated as τ = ε −1/3 ).
Diffusion coefficients should be represented as a tensor, since porosity is anisotropic. Anisotropic permeability and diffusion have been clearly illustrated experimentally in laser-induced fluorescence experiments shown in Fig. 8 .
234
Influence of reactor residence times on pyrolysis A short vapor residence time increases the bio-oil yield and minimize secondary vapor phase reactions. 37,69,99,100,235 However high feedstock residence times are needed to ensure complete devolatilization. 37, 100, 192 These times are directly related to the operating conditions, such as carrier gas flow for fluidized beds, and the technology used in the pyrolysis process. For instance, the residence time of solids in fixed bed reactors is higher (minutes to hours) while in fluid bed reactors the residence time for both solids and volatiles is very short (a few seconds), depending on the height of the reactor and the gas flow. Scott et al. 236 have observed in pyrolysis of sorghum bagasse at 550°C that as the vapor residence time increases, the bio-oil yield drastically reduces from 75% to 57% and char and gas yields increase. Further, heavy tars are formed with more vapor reseidence time. Some authors suggest taking advantage of these reactions to increase monomer yield by cracking oligomers. 21 The volatile residence time in a fluidized bed reactor is manipulated by changing the carrier gas flow, 99, 237, 238 however it can also be altered by gas phase pressure. At high pressures the volatile residence time within particles is high, promoting secondary cracking reactions. 190, 209, 239 In wire mesh and hot plate reactors this condition is commonly achieved by operating the reactor under vacuum (<200 mbar). 230, 240, 241 Under these conditions, evaporation of high molecular weight oligomers from cellulose decomposition is possible. Aerosol ejection from the liquid phase is also more intense under these conditions.
242,243
Phase change
Liquid intermediate formation
A recent study conducted by Zhou et al. 184 showed that for both slow pyrolysis (2 K s −1 ) and fast pyrolysis (1000 K s −1 ), lignin decomposes to form an intermediate liquid phase, which swells, evaporates and shrinks to form a droplet. Other studies at high heating rates showed that an intense foaming of oligomeric compounds in the liquid phase occurs, which may be ejected from the surface as aerosolized droplets. 244 At low heating rates, the intermediate liquid provides an ionic medium in which cross-linking reactions can occur, promoting char formation and decreasing high molecular weight oligomers yield. 132 Thus, it could be concluded that minimizing the time that compounds stay in that phase will enhance the yield of oligomeric compounds through unique physical mechanisms. It has been shown that during boiling of a liquid at high heating rates, an intense bubbling is produced due to violent expansion of gases in over very short periods of time which facilitates fluid collapse by micro-explosions that release small liquid droplets as aerosols into the gas stream. 243, 245, 246 The existence of an intermediate liquid phase during biomass pyrolysis has sparked much debate for several decades. Goring et al. 88 observed that for cellulose, lignin, and hemicellulose a softening occurred when samples were immersed in a hot oil bath. The authors attributed this behavior to the formation of an intermediate liquid phase due to thermal degradation rather than a phase change associated with the glass transition point. The softening point was estimated as the temperature at which the solid structure collapsed (227-253°C for cellulose), higher than the glass transition point of the cellulose (145-175°C).
In 1974, Nordin et al. 247 carried out an interesting experiment in which visual evidence of a condensed phase during flash pyrolysis was presented when exposing various types of leaf paper to a heating laser in less than 0.1 ms. Once samples reach the pyrolysis temperature, volatiles were collected, rapidly cooled and analyzed. Based on these results the authors argued that the structure of cellulose was clearly broken and the crystallinity index had decreased by 35%. These results were attributed to a physical phenomenon, namely fusion of cellulose, instead of thermal degradation. They concluded that cellulose and biomass pass through a condensed phase, although it could not be determined if this behavior was due to a chemical thermal degradation process or a condensation of monomers. Over the course of this decade, the first theoretical models to explain the phase change of cellulose and biomass during pyrolysis were developed. Using scanning electron microscopy (SEM), they demonstrated that snuff char passes through a melt phase between 450 and 550°C (see Fig. 9 ). The authors did not assess the chemical composition of melt phase. The structural behavior of the cellulose and hemicellulose presented in these images is similar to that found for the tobacco leaves, as shown by Dufour. 257 In 2008, Liu et al. 258 carried out experiments in an oven heated by radiation (under fast pyrolysis conditions) to estimate the evolution of the condensed phase formed during cellulose pyrolysis. The authors confirmed results that had been obtained in previous studies. 131, 253, 259 They demonstrated that up to 68% (w/w) of the initial cellulose formed a water soluble compound of yellow color, consisting primarily of oligomers of glucose. They proved that under lower severity heating conditions lower yields of the condensed phase were obtained, with maximum yields dropping to 57% (w/w).
An article presented by Mamleev et al. 132 in 2009 investigated a new kinetic model called a "two-phase model". This model incorporates the formation and growth of liquid cavities within the cellulose that contain high boiling point compounds within the liquid phase (cellobiosan, cellotriosan). The condensed phase is an ionic medium and promotes the decomposition of the reduced cellulose chains (after depolymerization) by two competing reactions: β-elimination and transglycolyzation. The first promotes char formation, while the second promotes the production of anhydrous sugars and volatiles. They suggest that the quick removal of liquid compounds by evaporation at high heating rates minimizes the effects of dehydration and crosslinking which are more prevalent at lower heating rates. Dauenhauer et al. 110 presented convincing visual evidence (Fig. 10) on the formation of the condensed phase. For the first time, a photographic record was made using a high-speed camera to monitor the evolution of cellulose during fast pyrolysis. For this study, 300 μm particles were pyrolyzed using a hot plate reactor at 700°C. The melt phase begins to form at 50 ms (see Fig. 10 ), and it is completely formed after 120 ms. Inside the melted phase, intense bubbling and evaporation promote aerosol ejection and shrinking of the liquid phase. This phase is completely consumed after 150 ms, without a trace of char formation. Inside the intermediate liquid phase, gas bubbles are formed by chemical reactions and evaporation. The intensity of bubbling depends of the liquid temperature, heating rate, pressure and nature of the liquid phase. [260] [261] [262] The bubbles bursting promotes aerosol ejection by a reactive boiling ejection mechanism. 244 These aerosols can be trapped inside the cell walls. Evidence of this was provided by Haas et al. 263 through in situ visualization inside the cell walls which showed the presences of oligomeric liquids (see Fig. 11 ). In this study biomass pyrolysis was monitored in real time via light microscopy and TEM. Observations showed swelling and tissue collapse in poplar wood fiber and the appearance of droplets of liquid encapsulated in the biomass pores, due to impingement of aerosols within the cell walls (see Fig. 11 ). The existence of the liquid phase within the cell walls has critical implications for attempts to define mass and energy transfer during pyrolysis. In 2011, Teixeira et al. 244 used a high-speed camera to monitor the pyrolysis of cellulose and sucrose. The authors visualized the mechanism of aerosol formation by bubbles bursting in the intermediate liquid phase and devised a new mechanism called reactive boiling ejection to explain the results. Visualization of the ejection of droplets from the condensed phase of the sucrose during pyrolysis is presented in Fig. 12 , along with cartoon representations to more clearly illustrate the process. The ratio between bubble size before bursting and aerosol size ejected is close to 0.1. The ejection velocity of the liquid droplets was 0.1 m s −1 and had an average diameter of 1 µm. The composition of the aerosols was primarily cellobiosan. With this information a mathematical model was developed to predict the mechanism for the formation of aerosols when a bubble bursts. In 2012, Carlsson et al., 264 examined in situ pyrolysis of hardwood with a particle size of 300 µm. They captured the behavior and evolution of the condensed as the sample was heated phase (see Fig. 13 ). They found that during biomass pyrolysis, the tissues swelled, and formed a brown film that covered the biomass surface. This film was water-soluble and had different levels of transparency as the pyrolysis process progressed. Zhu et al. 265 visualized soybean waste pyrolysis in a quartz capillary at 400°C. This technique allows in situ monitoring of biomass pyrolysis during heating. There was a change in color as the reaction progressed, resulting in the formation of a liquid with an oily appearance at 240°C. This liquid became darker as the temperature increased due to decomposition and polymerization reactions. In 2013, Dufour et al. 152 pyrolyzed biomass (miscanthus)
and its biopolymer components in a parallel hot plate rheometer specifically adapted for in situ tracking of the viscoelastic behavior of the intermediate liquid phase formed during pyrolysis of biomass and its components. Experiments showed that melted lignin has an elastic behavior at 200°C, hemicellulose at 270°C, cellulose at 300°C, and biomass at 280°C. The elastic behavior of the biomass melt phase could not be estimated as a combination of each of its components. A valuable observation was that viscous behavior was identified after the onset of elastic behavior, i.e. structural changes occur first which correspond to the glass transition and then bond breaking occurs to form a viscous fluid phase. The researchers also found that cellulose imposes its viscoelastic behavior on biomass during thermal degradation. This viscoelastic behavior was found to be variable; after 400°C all materials increased their elastic and viscous moduli. This indicates that a rigid phase formed at higher temperatures which, in the case of pyrolysis, corresponds to the char formation. These results were validated and compared with 1 H-NMR.
Wang et al. 51 and Liu et al. 50 found that amorphous cellulose produces a higher content of the intermediate liquid phase, and that this formation begins at lower temperatures compared to crystalline cellulose. Amorphous cellulose produces a variety of anhydrous sugars with high degrees of polymerization, while the crystalline cellulose is rich in monomers and dimers of glucose. One explanation given by the authors was that there is a protective effect of the crystal lattices that gives greater rigidity to the structure and prevents the breaking of glucose rings. In 2016, Westerhof et al.
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showed that depolymerization of cellulose produces sugar oligomers in the liquid phase that are composed of anhydrosugars with a degree of polymerization >2. At high heating rates and under vacuum (2 mbar abs ) these compounds escape by evaporation and aerosol ejection without producing char or permanent gases, indicating that for cellulose pyrolysis these fractions are produced by secondary reactions. The yield of levoglucosan increases when operating at 1 bar, because the boiling point of heavy sugars increases which reduces the evaporation rate of these compounds and allows depolymerization reactions to progress until forming levoglucosan, which evaporates. Zhou et al. 184 showed the importance of heating rate on the intermediate liquid phase formation during lignin pyrolysis. Using a fast speed camera the formation of intermediate liquid phase was observed in 3 stages: complete lignin melting, foaming and swelling of liquid phase by bubbles, and shrinking by evaporation and bubble collapse. Pecha et al. 52, 82, 206 published a series of manuscripts in 2017 detailing experiments which studied the effect of vacuum on pyrolysis of cellulose, lignin, and xylan. These works illustrated, through high speed photography and pyrolysis product analysis, that the liquid intermediate is made up of partially pyrolyzed oligomers which will either break down into monomers or turn into char at atmospheric pressure. Further studies with Montoya et al. 207, 267, 268 demonstrated protocols to analyze and model ejection of aerosols from a thin film of pyrolyzing pseudo-biomass components. In summary, it has been demonstrated that the intermediate liquid phase during biomass pyrolysis does exist, especially under high heating rate conditions; however, this phase has not been adequately monitored experimentally. Particle-level mathematical models for both the bubble formation and thermal aerosol ejection mechanisms have not yet been completely explored. Other mechanisms for ejection of aerosols have not been studied, like viscous movement of liquid films along the inner walls of biomass pores.
Vaporization
As oligomeric compounds depolymerize into dimers and monomers with high vapor pressures and boiling points at pyrolysis temperatures, they leave the liquid intermediate as a vapor. For example, the boiling points of pyrolytic cellulose sugars levoglucosan, cellobiosan, and cellotriosan at 1 atm are 385°C, 269 580°C, 269 and 790°C, 270 respectively. Oja and Suuberg have studied the vapor pressures of polycyclic aromatic hydrocarbons similar to lignin dimers and oligomers 271, 272 as well as other sugar monomers, 273 as illustrated in Fig. 14.
Recent studies have elucidated the effect of vaporization on the nature of products from pyrolysis of cellulose, lignin, and wood. In cellulose, for example, lower pressures allow for larger sugar compounds from cellulose pyrolysis to evaporate (like cellobiosan and cellotriosan) and avoid conversion into polyaromatic rings and eventually char via dehydration and polycondensation reactions, as illustrated in Fig. 15 with high- resolution mass spectrometry of high molecular weight products. 52 Similar trends were observed for lignin and poplar,
where the char yield increases as pressure increases due to evaporation of compounds at lower pressures. 206 Some work has also been done to characterize evaporation of pyrolysis oil droplets, which may be used to model heat of vaporization in simulations. 241, 274 Lumped reaction schemes include vaporization rate and enthalpy in the step for conversion of biopolymer to "oil", but because of this they may not be extendible to significantly different pressures.
Char formation
Char is made up of a solid polycyclic aromatic structure and forms through both intra-and intermolecular rearrangement reactions. 275, 276 Some key steps include formation of aromatic benzene the combining of these rings into polycyclic clusters that generates the rigid hierarchical structure. 53 Furthermore, char formation reactions are accompanied by release of water and light gas. 77, 270, 277 Char formation reactions in lignin proceed through aldol condensation 278 and radical induced cross-linking. 279 Carbonization of cellulose is thought to proceed through oxygen-mediated reactions like aldol condensation at temperatures as low as 200°C 276 and free radical cross-linking and condensation reactions. Aromatic rings from cellulose include furans, pyrans, and 5-6 membered anoxic aromatic rings. 276 C-C cross-linking into polyaromatic structures occurs as low as 400°C; aromatic condensation increases until 500°C. There is considerable increase in ring size as temperature increases to 700°C. 280 Evidence that trapped heavy oligomeric products form char can be seen in Fig. 16 , where cellobiosan forms more char than levoglucosan due to its lower vapor pressure. 52 Similar results have also been reported for lignin and wood. 206 It is well known that char largely retains the tissue structure of its native lignocellulosic feedstock. 280, 281 However, if pyrolysis proceeds through a melt phase it will undergo alterations to its pore structure at some scales. This implies that biopolymers can cross-link before lysing, or that some other phenomenon is in play. Recent research actually indicates that metal ("ash") content plays a role in preserving the structural porous backbone. 82 It is possible that the ash catalyzes char formation reactions and since the ash is solid and less mobile than liquids, it acts as a template on which polycyclic rings form. 52 Reprinted from Pecha, 58 Copyright (2017) with permission. Fig. 16 Char yields from pyrolysis of levoglucosan and cellobiosan at various low pressures up to 1 atm. 58 Reprinted from Pecha, 58 Copyright (2017) with permission.
Incorporating the main phenomena into predictive models for biomass pyrolysis
Since 1940, there have been significant developments in the modelling of biomass particles under pyrolysis conditions. The complexity and coupling of the phenomena involved (transport of mass, energy, momentum, reactivity), has led to continued research and development of these models to achieve better representations of real processes. In general, modelling can be as rigorous as desired, however; this does not imply that better representations of real phenomena will result. Modelling can also be associated with different scales of study, for example, molecular, tissue, particle, or reactor scale models can be designed. 231 The focus of this review are the particle-level models; however, some models that have developed for biomass fast pyrolysis at the reactor scale can be consulted. 86, [282] [283] [284] Most articles published to date have considered one-dimensional non-steady state models, in one or two phases (solidgas) with thermal equilibrium between phases (solid/gas), and global reaction schemes as described in Table 1 . Some researchers suggest that, for small particles (<1 mm), the global kinetics scheme is sufficient to predict the product distribution. 24 However for large particles, both physical and chemical changes occur simultaneously, and it is essential to consider the coupling of both phenomena to accurately obtain the global pyrolysis rate. A summary of models reported in the literature is presented in Table 5 . Two dimensional models attempt to explicitly describe the anisotropy (different properties depending on the direction and position), which real-life biomass exhibits. These properties include thermal conductivity, permeability, density, porosity, and chemical composition. Typically, two-dimen- Unsteady state to predict the behavior of biomass pyrolysis. Includes heat transfer by conduction and convection and mass transfer by diffusion and convection. For different particle sizes and shapes, the model predicts overall yields of char, volatiles, and permanent gases. The author found that the pyrolysis of small particles (<1 mm) and spherical produces more volatile and the reaction time is shorter compared to flat and cylindrical shapes. For large particles (1 cm) the reaction time increases and the char yield is independent of the external heating rate, although it depends on the geometry of the particle Does not predict volatiles species evolution rate. Applied for slow heating rates
The model, which accounts for the combined effect of various parameters such as particle shrinkage and drying, predicts temperature profiles, drying rate, char, and volatiles yields Local thermal equilibrium (temperature gradient) was not considered between vapor and solid phase. Recondensation of volatiles in cooler regions of the particle is not taken into account, due to higher permeability of char as compared to solid biomass. The volatile/gas phase follows ideal gas behavior. The kinetic and potential energies of the particle were neglected in the energy balance. The reaction heats for gases and secondary tar formation were considered equal. Particle shape did not change during the degradation process, i.e. cracking and fragmentation not considered The reaction scheme is a global model adopted in one step without side reactions in the gas phase, gas-solid reactions, or the development of species of condensable and noncondensable volatiles. Nor is the formation of a liquid phase and its respective resistance to the processes of energy and mass transport included Mahmoudi 312 2014 Numerical study based on the Lattice-Boltzmann Method (LBM) is proposed to solve one, two, and three-dimensional heat and mass transfer for isothermal carbonization of thick wood particles. The model is used to study the effect of reactor temperature and thermal boundary conditions on the evolution of the local temperature and the mass distributions of the wood particle during carbonization. Takes into account diffusive mechanisms for volatiles through this phase Does not include secondary reactions. The physical properties do not depend on the conversion degree of the biomass. Does not consider evolution of species or the effect of the heating rate on the reaction rate 
2016
A slab of particle on a hot plate was modelled with a statistical model for bubbling frequency and growth in the liquid intermediate. Collision of aerosols along pore walls was considered such that large particles release less aerosols. Particle shrinking was considered. Yields of oligomeric compounds were close to those observed experimentally Difficult to validate bubbling model because it is not possible to visualize this phenomenon inside particles sional models are represented by cylinders. Three-dimensional models further expand the anisotropy in a third dimension. Typically, three-dimensional models do not improve the accuracy of results enough to justify the extra amount of computational time required. Although many single particle models have been developed, only a few have looked at the explicit species-specific microporosity of cell walls. 93, 214 See Table 5 for examples.
The majority of models at the particle level developed until now do not consider the intermediate liquid phase evolution. They also do not include other phenomena like gas bubble formation inside the liquid that explain the mechanism for aerosol formation. 183, 244 There are models proposed by Dufour et al., 257 Boutin et al., 131 Di Blasi, 285 Lédé et al., 251 and Brown et al. 286 which take into account the physiochemical properties of the liquid intermediate phase. However, these models still do not consider bubble formation and aerosol formation. Dufour incorporated evaporation of the liquid intermediate phase into the model. A model describing the levoglucosan was published in which the competition between evaporation and poly-condensation reactions was described. 286 Recently, Montoya et al. 268 developed a single particle model which incorporates thermal ejection of aerosols, though more work needs to be done to advance this topic. Today, models for cellulose and biomass do not exist which include the liquid phenomena of gas bubbling and aerosol ejection, which are thought to be the primary sources for large molecules that are always observed in the bio-oil. However, these phenomena have been included for models with other raw materials like coal and polymers; 261, 287 these models describe bubble formation using a discrete phase population balance and couple this information with the global energy balance and mass transfer inside the particle. The important conclusion of these papers is that modelling the presence of the liquid intermediate dramatically changed the results from a model that ignores the liquid intermediate. In pyrolysis, this will impact the secondary reactions inside the particles. One important phenomenon unaccounted for in these models ignored is the formation of aerosols from bubble explosion at the surface of the liquid phase. See Table 5 for more detailed information about these models. Further discussion on coupling atomic scale models, single particle models, and reactor scale models can be seen in Ciesielski et al. 26 and a focus on reactor scale modelling in Xiong et al.
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Conclusions
From this review, the following conclusions and recommendations can be drawn:
• Bio-oil production by pyrolysis is still an immature technology and it is not currently commercially viable. Bio-oil production technologies still have to overcome many technical and economic barriers to compete with traditional fossil fuels and diversify its spectrum of value-added products.
• Fast pyrolysis is a complex process, with many interdependent phenomena including chemical reactions. Heating rate effects mass and energy transport inside particles. The real temperature in the particle is not identical to surface temperature. The particle structure changes through the pyrolysis process. The evolution of the intermediate phase (liquid phase) impacts product yields.
• New experimental methodologies to measure different parameters such as temperature, gas flow, and chemical composition have recently added to the scientific understanding of biomass pyrolysis, particularly with regards to the liquid intermediate phase and the oligomeric fraction of pyrolysis oil. However there is still limited experimental information regarding this phase, its impact on the evolution of species condensable and non-condensable volatile, and its incorporation into physical models.
• Recent studies have shown that aerosols rich levoglucosan dimers and trimers and lignin oligomers are formed directly from the ejection of fluid from the intermediate liquid phase. This phenomenon explains the presence of heavy compounds in biooil recovered from the fast pyrolysis of biomass, as well as the agglomeration and crusting of biomass particles and inert material in the reactor. Experiments at the laboratory level and rigorous models are still needed to understand many of the fundamentals associated with bubble formation and aerosol ejection.
• The integration of reaction and transport phenomena in a single particle model is not a trivial undertaking, with the validation the model an even more challenging task. Future pyrolysis models for particles must be able to predict volatilization as a function of time for different biomass feedstocks (necessary to design the reactor and optimize operating conditions) and predict the distribution of pyrolysis products. These models are likely to be based on existing transport models for particles, but must include more detailed estimation methods for critical transport parameters (e.g., thermal conductivity, heat capacity, liquid and gas viscosity etc.), condensed phase thermodynamics, and the reaction kinetics. These models should also be non-dimensionalized to ease application into reactor-scale models.
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